We have fabricated planar structures of silver nanoparticles in monochromatic gelatin emulsion with a continuous spacing ranging from 0.15-0.40 micron using a two-beam interference of a single laser source. Our planar holograms display a colorful "rainbow" pattern and photonic bandgaps covering the visible and IR ranges. We model the planar silver nanoparticle-gelatin composite system using an effective medium approach and good agreement is obtained between theory and experiment. DOI: 10.1103/PhysRevE.72.047601 PACS number͑s͒: 42.40.Ϫi, 42.70.Qs, 78.67.Bf Holographic lithography, a method combining the well developed techniques of holography and photoinduced polymerization, has been widely used recently to fabricate microstructures ͓1͔. One potential application for these structures is in photonic crystal in which EM wave propagation is forbidden within a band of wavelengths, analogous to band gaps in semiconductors ͓2͔. The holographic lithography, because of its flexibility in achieving various crystal structures using multibeam interference, has some advantage over the conventional techniques of self-assembly of colloidal microspheres and microfabrication in fabricating photonic crystals ͓3͔. However, common holographic lithography is limited to the use of polymeric material that has relatively low dielectric constant, hence hindering the fabrication of a complete photonic band gap. Increasing the dielectric contrast is thus highly desirable, and various attempts such as infiltrations of high dielectric materials, e.g., metals, into self-assembly microspheres have been pursued with some success ͓4͔. It is known that Ag is used as the recording material in common photography as well as in reflection hologram where images are stored as Ag nanoparticles embedded in a gelatin. The Ag particles provide the high dielectric contrast needed for photonic band gap materials. It has also been demonstrated recently that several newly developed silver halide-sensitized gelatin emulsions can provide the needed resolution, more than 5000 line/ mm, for visible range applications ͓5͔. In particular, planar as well as 3D structures can be fabricated from these emulsions using similar setups for the holographic lithography ͓5,6͔. Moreover, a multiple band reflection hologram has been fabricated using new panchromatic emulsions by multiplexing three laser sources with the Denisyuk configuration in which a normal incident beam, after passing through the emulsion, is reflected back from a mirror behind the holographic plate to create planar structure inside the emulsion ͓5,7͔. In a 1D planar hologram, the spacing of the planar structure depends on the wavelength of the light source used. However, the spacing can also be varied by controlling the incident angle of the beam. Here, we report the use of a two-beam interference to fabricate planar structure of silver nanoparticles with various spacings in monochromatic emulsion using a single laser source. Our planar holograms, having spacing ranging from 0.15 to 0.40 m, show bright reflections and band gaps covering the visible and IR ranges. Furthermore, we are able to fabricate a hologram with a continuous planar spacing on a holographic plate by continuously varying the incident angle of the laser beam in one single exposure, and thus creating a colorful "rainbow" pattern on the plate. We have also calculated the optical properties of the planar silver nanoparticle-gelatin composite and good agreement is obtained between theory and experiment.
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where ͑488 nm͒ is the wavelength of the laser source, n ͑1.59͒ is the refractive index of the gelatin emulsion ͓8͔, and is the incident angle inside the emulsion. We used the 488 nm line of the argon ion laser, beam size 4 mm, power 1.1 mW, and polarization perpendicular to the plane formed by incident and reflected beams, for our holographic setup. The prism, refractive index 1.52 ͑the same refractive index as the glass substrate of the holographic plate͒, was chosen such that incident angles larger than the critical angle ͑ c =39°͒ for the emulsion can be achieved. In our experiment we used two prisms and internal angles 30°/ 60°/ 90°and 45°/ 45°/ 90°to cover incident angles of 0°-67°, corresponding to spacings of 0.15-0.40 m. Index matching fluids were applied to the prism-substrate and emulsion-mirror interfaces to eliminate multiple reflections. The whole experimental setup was mounted on a motorized rotating stage such that the incident angle could be varied continuously. An ultra-fine-grain monochromatic emulsion PFG-03M ͑Slav-ich, Russia͒, around 6 m thick and resolution much better than 5000 l / mm, on glass substrate was used for our experiment. After exposure with optimal time 1.5 s, the emulsion was developed using GP2 developer as recommended by the manufacturer to produce the planar structure of the Ag nanoparticle-gelatin composite ͓9͔. Figure 1͑b͒ shows pictures ͑taken under white light͒ of samples with different spacing fabricated in the visible range. The samples show, from left to right, blue, green, yellow, orange, and red colors, fabricated using incident angles 0°, 29°, 38°, 43°, and 47°, respectively. The samples are relatively uniform with size as large as the beam diameter. Figure 1͑c͒ shows a picture of a sample with continuous spacing displacing a "rainbow" pattern, from blue to orange-red, in the visible range. This sample was obtained by continuously changing the incident angle, from 0°to about 45°, in one single exposure. The axis of rotation and the rate were carefully adjusted such that the interference beams swept across the holographic plate with the right exposure time. Figure 1͑d͒ shows the cross section TEM image of a sample fabricated using PFG-03M emulsion on triacetate substrate with incident angle = 43°and developed using another developer D19 ͓10͔. The D19 developer, though with slightly less resolution compared to GP2, was used because it gave harder samples for ultramicrotomy to obtain 80 nm thick slices for TEM imaging. It is not difficult to see from Fig. 1͑d͒ that the Ag particles, mean size 15.5 nm, form planar structure with spacing ϳ0.25 m ͓11͔. The volume fraction of the Ag particles was found to have a sinusoidal variation with a mean of 2.3% and a SD of 0.8%. To obtain the reflectance and transmittance of the sample, light from a 150 W halogen lamp was collimated into a beam with diameter ϳ0.5 mm and shone onto the sample from the substrate side. Furthermore, a wedged glass was attached to the substrate with index matching fluid in between such that the reflection projected on a screen from the sample could be separated from that of the substrate reflection. This enabled measuring the sample reflection directly, avoiding the substrate reflection. An optical fiber was used to couple the reflected light to a spectrometer ͑Oriel Cornerstone TM260͒ for spectral analysis. The optical setup allowed almost normal incident reflection and transmission measurements. film. The reflectance is large at long bandgap wavelength ͑ gap ͒ while it is small for wavelength below 550 nm. This is due primarily to the strong absorption ͑including that of the Ag nanoparticles͒ of the emulsion at wavelength less than 550 nm as shown in the transmittance measurements. The absorption can be significantly reduced by bleaching the sample, transforming Ag to silver bromide. However, the band gaps would shift slightly due to the bleaching effect. The reflectance and transmittance corresponding to the sample developed with D19 in Fig. 1͑d͒ are shown in Figs. 2͑c͒ and 2͑d͒, respectively. Note that the band gap is redshifted by about 13% as compared to the sample in Fig. 2͑a͒ with the same incident angle but developed using GP2. Plots of the band gap wavelengths, ranging from 0.44 to 1.04 m, are shown in Fig. 3 as a function of 1 / cos ͑open circles͒ for all the samples developed using GP2. It is clear that gap is inversely related to the cosine of the incident angle as indicated by the straight line, consistent with gap ϳ d of Eq. ͑1͒.
We model the Ag nanoparticle-gelatin system as a layered structure of Ag gelatin on a 2 mm thick glass substrate with spatial dielectric constant given by an effective medium approach obtained from the Maxwell-Garrent formula ͓12͔. The dielectric function of the Ag nanoparticles is obtained from a modified Drude model ͓13͔ which takes the form
where a = 5.45, b = 6.18, p = 1.72ϫ 10 16 rad/ s, and the absorption term ␥ is given by
for v F = 1.38ϫ 10 6 m/s ͑Fermi velocity͒, l =52 nm ͑electron mean free path at room temperature͒, and r = d / 2 with d being the diameter of the Ag particle ͓13,14͔. Equation ͑3͒ is valid for particle size around 10 nm. It is found that the emulsion itself has rather strong absorption below 550 nm; an absorption term obtained from fitting the reflectance and transmittance from developed unexposed emulsion is thus added to the gelatin. The dotted lines in Figs. 2͑c͒ and 2͑d͒ show the reflection and transmission spectra calculated by the scattering matrix method ͑SMM͒ ͓15͔ for a layered structure corresponding to Fig. 1͑d͒ . We have used a sinusoidal variation, from 0.6% to 4.0%, in the volume fraction of Ag nanoparticles and a period of 210 nm given by Eq. ͑1͒ to obtain the best fit to the data. Furthermore, the scattering matrix is constructed by dividing a single period into 64 layers with the dielectric function taken to be constant within each sublayer. There is no significant change in the result by further increasing the number of discrete sublayers used in the calculation. The Ag nanoparticles are taken to have a size of 15 nm in diameter. It is found that the particle size affects only the absorption magnitude but not the band gap position. The effective thickness of the gelatin is adjusted to be 4.83 m by matching the Fabry-Pérot oscillations in Fig.  2͑c͒ . It is clear from Figs 2͑c͒ and 2͑d͒ that the reflection and transmission peaks match very well with the experimental results. Moreover, the overall agreement of the spectra and the Fabry-Pérot peaks is much better than satisfactory, indicating that the model works well for our system. Note that good quality fits to the GP2 samples can also be obtained when the spacing of the layer structures, the volume fraction, and the particle size are treated as free fitting parameters.
To conclude, we have fabricated planar structure consisting of 15 nm Ag particles embedded in monochromatic holographic emulsion by using a two-beam interference from a single light source. Furthermore, a sample with continuous spacing, showing a colorful "rainbow" pattern, is fabricated on a single plate by continuously changing the incident angle during one single exposure. Bandgaps covering the visible and IR ranges are observed showing a linear relation with the spacing of the samples. Good agreement with experiment is obtained by modeling the Ag nanoparticle-gelatin system with a planar structure using an effective medium approach. Lastly, the current work can be easily extended to fabricate 2D / 3D structures of the Ag nanoparticles composite using multibeam configurations, leading to new prospects. 
